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SUMNFiEY 


Tests woro conducted to dotei’mine tho effects of viscosity 
on tho drag and hase pressure characteristics of various ■bodies of 
revolution at a Mach number of 1.5* Tho models woro tostod both 
with smooth svirfacos and with roughness added to evaluate tho 
effects of BosTiolds number for both lamina.r and turbulent boundary 
layers. The principal geometric variables investigated were after- 
body shape and length-diamotor ratio. For most models, force tests 
and base pressure measurements wore made over a range of Eeynolds 
numbers, based on model length, from 0,6 million to 5-0 millions. 
Schlioren photographs wore used to analyze the effects of viscosity 
on flow separation and shock— wave configuration near tho base and 
to verify tho condition oi* tho boundary layer as deduced from force 
tests. Tlio results are discussed and compared with theoretical 
calculations . 

Tho reavilts show that viscosity effects arc large and depend 
to a groat degree on tho body shape. Tho effects differ greatly for 
laminar and turbiilent flow in tho boundary layer, and within each 
regime depend upon tho Eeynolds number of tho flow. Laminar flow 
was found up to a Eeynolds number of 6.5 millions and. may possibly 
exist to higiior values. 

The flow over tho afterbody and tho shock -wo, vo configuration 
near tho ba.so aro shown to bo vory much different for laminai’ than 
for turbulont flow in tho boundary layer. Tho base prossuro is much, 
higher with tho tixrbulont layer than with tho laminar layer, result- 
ing in a negative base drag in some ca.sos. Tlio total drag chai-actor- 
istics at a given Eojaiolds number aro affected considcra.bly by the 
transition to turbulont flow. Tno fore drag of bodies without boat 
tailing or of boat— ta,ilod bodies for which tho effects of flow 
separation aro negligible can bo calculated by adding tho slcln— 
friction drag based upon tho assumption of tho low-speed friction 
characteristics to tho theoretical wave drag. 
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For laminar flovr in tho 'ooundary lawyer tho oiTocts of varying 
tho Rc2.TaolcL3 nurater were fcand to te large, a.pproximatelj’' dcu'Dling 
the base drag in many cases and increasing the total drag about 
20 percent over the Reynolds number range investigated. For 
turbulent flow in the boundai-y layei', the effects of vajaying the 
Reynolds number usually changed the base drag and total drag coeffi- 
cients considerably. 


IFIRODUCTIOri 

The effects of viscosity on the aercdynai^ic characteristics 
of bodies moving at low subsonic speeds have been known for many 
years and have been evaluated by numerous investigators. The 
effects of viscosity at transonic speeds have been investigated 
only recently, and relativelj' large effects on the flow over air- 
foils are reported by Ackeret (z'eference 1) and Liepmann (reference 2) . 
Although the relative thorotighness of these two investigations has 
furnished a good start toward a. satisfactory evaluation and under- 
standing of the effects of viscosity in transonic flow fields, still 
very little is loiown about the effects at purely supersonic speeds. 

The experiments reported in references 3 > arid 5 have succeeded 
in evaluating the ma,gnitude of the skin friction for supersonic floi'B 
in pipes and on curved suorfaces. Reference 6 contains a small 
amount of data on the effects of Reynolds number on the drag of a 
sphere and a circular cylinder* j however, those data are not appli- 
cable to aerodynamic shapes which are practical for supersonic flight. 

It has been generally assumed that the effects of viscosity are 
small and need bo considered only when determining tho magnitude of 
skin friction. In reviewing past data for the effects of viscosity 
it was found that in many reports, such as references T and 8, tho 
model size was not stated, thorehy rondoring tho calculation of 
Reynolds number quite difficult. 

Preliminary tests in the .qmes 1— hy 3— foot supersonic wind 
tunnel No. 1, which is a variable— pressure tunnel, showed a relatively 
large effect of Rcjaiolds number on the drag of bodies of rovolrition. 
llie results of this cursory investigation wore not reported because 
the magnitude of support interference was not known and because 
certain inaccviracies in the balance measurements wore known to exist 
in the data taken at low tunnel pi-ossuros . An investigation of wing— 
body intoraction at supersonic speeds has boon conducted subsequently 
and the rosiilts presented in roforonco 9- Because of tho support 
interference and tho balance inaccuracies noted at low pressures 
the da.ta presented therein of tho effect of Reynolds number on the 
drag of smooth bodies are not suff icicntlj'’ aocurato throu^out 
tho rango of Reynolds numbers for direct application to the conditions 
of froo flight. 
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Since the effects of viscosity already were knovm to he 
relatively largo at, the outset of this investigation^ the purpose 
of the present research was made twofold, Tlie primary purpose was 
to develop an understanding of the. mechanism hy which viscosity 
alters the theoretical inviscid flow over bodies of revolution at 
supersonic speeds^ and the secondary purpose to determine the magni- 
tude of these effects for the particular bodies investigated. 


APPAPATUS AND TEST METHODS 


Wind Tunnel and Instrmenta.tion 

A general description of the wind tunnel and the principal 
instrinnontation used can be found in reference 9» Included therein 
is a description of the schlieren apparatus^ which forms an integral 
part of the wind-tunnel equipment^ and the strain-gage balance system 
employed for measuring aerodynamic forces. In order to obtain 
accurate data at low as well as higli tunnel pressures^ a more sensi- 
tive drag gage was used in the present investigation than in the 
investigation of reference howovez''^ all other details of the 
balance system are the same. For the purposes of ti.e present 
investigation^ it is pertinent to add that the tunnel is equipped 
with throe turbulence -reducing ecroons located in the settling 
chamber . 


The tunnel total pressure^ the sta.tic reference pressure in 
the test section, and the pressure in the air chamber of the balanco 
housing were observed on a mercury manomotor. Because the differ- 
ence between the base pressure and the static referonco pressure in 
the test section is ordinarily too small (only O .5 cm of mercury at 
low tunnel pressures) to bo accurately road from a. mercury manometer, 
a supplementary manometer using a fluid of lower specif ic" gravity 
was employed. Dioutyl phthalate, having a specific gravity’’ of 
approximately I .05 at room tempera. tures, was used as an indica.ting 
fluid in this manometer instead of the conventional light manometer 
flUa-ds, such as water and aZcohol, because of its lower vapor pres- 
sure a.nd its property of releasing little or no dissolved air when 
exposed to very low pressures. 


Models and Supports 

Photogra.phs of the models, which were ma,de of aluminum alloy, 
are shown in figpires 1 and 2 , and their dimensions are given in 
figure 3* Models 1, 2, and 3 vere each foimed of a 10— caliber ogive 
nose followed by a short cjdindrical section; they differ from one 
anotner only in the amount of beat tailing. The shape of the ogive 
was not varied in tnis investigation because the flow over it is not 
affected appreciably by viscosity. Models 4, 5 , and 6 , which differ 
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from one another only 5.n tliicknoos ratio^ wore formed by parabolic 
arcs with the vortex at the position of mcuciBrjin thickness. For 
convonienco, some of tho more important geometric properties of 
models 1 througl-i 6 are listed in the following table: 


Model 

Frontal 
area 
A(sq in) 

Hose 

half 

angle 

0 (dog) 

Aroa— 

volvmo 

ratio 

A/(V)2/3 

Length- 

diameter 

ratio 

l/d 

Base- 

area 

ratio 

/^b/a 

1 

1.227 

18.2 

0,302 

7.0 

1.00 

2 

1.227 

13.2 

.309 

7.0 

.553 

3 

1.227 

18.2 

.318 

7.0 

.348 

4 

.866 

11. 3 

.305 

3.8 

.191 

5 

1.758 

15.9 

.385 

6.2 

.186 

6 

3.426 

21.8 

.479 

4.4 

.187 

In 

addition to 

tho aDOvo- 

mentioned models, sevor 

‘cl otho: 


wore tested for certain specific purposes. Thus, models 7 end 8 
wore made unusually long so that tho skin friction would bo a large 
portion of the measured drag, thereby enabling the condition of the 
boundary layer to be deduced from force tests. Various substitute 
ogives, shown in figure 2(a), were made interchangeable with the 
smooth ogive that is shown attached to the cylindrical afterbody of 
model 8. These ogives were provided with different types and 
amounts of roughness and could be tested either alone or with the 
long cylindrical afterbody attached, V/hen the ogives were tested 
alone, a shroud of the same diameter as the ogive was used to 
replace the cylindrical afterbody. Model 9) a body vrith a. conical 
nose, and model 10, a sphere, were tested in order to compare the 
results of the present investigation with existing theoretical 
calculations and vith the results of other e::qperimontal investiga- 
tions, Models 11, 12, 13, and 14 were constructed to determine the 
effects of the length-diameter ratio for a. fixed shape of afterbody , 
In all cases when a smooth surface was desired, the models were 
polished before testing to obtain a surface as free from scratches 
and machining marks as possible . 


Tho models wore supported in two different ways ; by a. rear 
support and by a side support, as shown in fig’ures 4, J, °nd 6. Tho 
rear support used in the majority of the ca.ses consists of a, sting 
which supports the model and attaches to the balance beam. A thin 
steel shroud encloses the sting and thereby eliminates the aoro— 
djTiamic tare forces. Use of the rear support allows force data, base 
pressure data., and schlieren photographs to be tak'on slmultar.eoiJ.sly . 
Tlie side support which a.tta,chos to tho lower side of the model 
consis.ts of a 6— percent— thick airfoil of strai gilt— side segments 
and 7° semiwodge angle at tho leading and trailing edges The 
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side support was used to dotormine the effects of the axial variation 
in test-section static pressure on base pressure, and, in conjunc- 
tion with a dummy roar support, to evaluate the effects of suppox-t 
intorforonco . Base pressure data and schlieren photographs can ho 
obtained when the side support is used. 


Test Methods 

The tests wore conducted at zero angle of attack in a fixed 
nozzle designed to provide a uniform I-fech nimibor of approximately 

1.5 in the tost section. For the positions occupied by tho different 
models, tlie free— stream Mach number actually varied from 1.49 to 
1.51. This is somewhat lower than tho Mach number of tho tests 
reported in reference 9 , which wore conducted farther doomstroam in 
tho test section. 

Before and after each run precautions wore taken to tost tho 
pressure linos for leaks and tho balanco system for friction or 
zero shift. Each run was made by starting the txinnol at a low 
px’cssuro, usually 3 pounds per square inch absolute, and taking 
data at different levels of tunnel stagnation pressure up to a 
maxiimum of 25 pounds per square inch absolute . Because of the lag 
in tho manometer system, approximately I5 minutes at low pressures 
and 5 minutes at high pressures wore allowed for conditions to 
come to equilibrium. Tho over— all variation in Eoynolds number 
based on body length ranged from about 60,C00 to 9-^ millions. Tho 
specific humidity of tho air usually was maintained below 0.0001 
pound oi"" water per pound of dry air, and in all cases was below 
O.COO3. 

In general, each body was tested with a polished sm-faco and 
then later with roughness added to fix transition. As illustrated 
in figure 2 (a), several different methods of fixing transition on 
a body in a supersonic stream wore tried. Tho usual carboi’undum 
method employed in subsonic research was not used because of the 
danger of blowing carborxmdum particles into tho tunncl-drivo 
compressors. Tho method finally adopted was to cement a 1/8— inch- 
wide band of particles of table salt around tho body. This method 
proved successful at all but tho very low Eo3Taolds numbers. On 
models 1, 2, 3^ snd 12 rou^noss was located one— eighth inch down- 
stream of tho beginning of tho cj'lindrical section. On models 4, 

5, and 6 tho rou^ness was placed 4.5 inches from tho nose and on 
model 8 one— eighth inch upstream of tho beginning of tho cylindrical 
afterbody. Models 7, 9, 10, 11, 13, and l4 wore tested in tho smooth 
condition only. 
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RESULTS 

Reduction of Data 

The force data included in this report have heen reduced to 
the usual coefficient form through division by the product of the 
free— stream dynamic pressvire and the frontal area of the body. 

If it is desired to refer these coefficients to (volurao)^"^^ the 
necessary conversion factors can be found in the table of the 
geometric properties of the models included in the section on 
models and supports In each case, conditions Just ahead of the 
nose of a model are taken as the free— stream conditions. 

The measiaremonts of the pressure on the base of each modal 
are referred to free stream static pressure and made dimensionless 
through division by the froo-stream dynamic pressure. Thus, the 
base pressure coefficient is calculated from the equation 


^ qi 


( 1 ) 


where 

Pp ba.se pressure coefficient 

Pg pressure acting on the base 

Px free— stream static pressure 

qx fi’ee— stream djnnamic pressure 

The dynamic pressure is calculated from the isentropi.e relation 
ships. A small experimentally determined correction is applied 
for the loss in tota.l pressure duo to condensation of water vapor 
in the nozzle. The Reynolds number is based upon the body length 
and is calculated from the isentropic relationships using 
Sutherland's formula, for the variation of viscosity with the 
temperature of the air. 

It is convenient to consider the force duo to the ba.se prossiuro 
as a separate component of the total drag Accordingly, the base 
drag is referred to the frontal area, and in coefficient form is 
given by 

CDg = 

B yky 
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where 

Cj)g base drag coefficient 

A 3 area of base 

A frontal area of the body 

The fore drag is defined as the sum of all drag forces that 
act on the body surface forward of the base. Hence^ the fore drag 
coefficient is given by 


CDp. = Cl) - Ct)3 (3) 

where CD is "the total drag coefficient and Cj)^ the fore drag 
coefficient. The concept of fore drag coefficient is useful for 
several reasons. It is the fore drag that is of direct importance 
to the practical designer when the pressure acting on the base of 
a body is altered by a. Jet of gases from a power plant. Considering 
the fore drag as an independent component of the total drag greatly 
simplifies the dreg anal 3 '’sis of a given body. Finally, the fore 
drag, as will be explained later, is not affected appreciablj' by 
interference of the rear supports used in the investigation. 

Since the nozzle calibration with no model pi’esent showed that 
the static pressure along the axis of the test section is not 
constant (fig. 7 ), the measured coefficients have been corrected 
for the inci’ement of drag or pressure resulting from the axial 
pressure gradient. A detailed discussion of this correction is 
presented in appendix A, and the experimental justification shown 
in figures 8 and 9 - 


Precision 

The table which follows lists the total uncertainty that 
would be introduced into each coefficient in the majority of the 
results if all of the possible errors that are known to exist in 
the measurement of the forces and pressures and the determination 
of free -stream Mach number and gradient corrections were to accumulate. 
Actually the errors may be expected to be partially compensating,^ so 
the probable inaccuracy is about half that given in the table. The 
sources and estimated magnitudes of the probable errors involved are 
considered at greater length in appendix B. The values in the 
following table are for the lowest and highest tunnel pressures and 
vary linearlj'’ in between The table does not apply to data that are 
presented in figures 12 (b), I 6 , I 7 and for models 4, 5, 6 in 
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figures 26(a) and 32(a) whoro tho posailDlo variation in tho ’balanco 
calibration constant r.ay incroaso tho limits of error as discussed 
in appendix B . 

Maximum value of Maximian va,lue of 


Coefficient 

error at 

lowest pressure 

error at 

hipest pross\U"o 

Total drag 

+ 

{2M 

plus O.OOk) 

* (1.1"^ 

plus 0,004) 

Fore drag 

+ 

{i.m 

plus 0.004) 

± {0.6% 

plus O.OC4) 

Baso pros sure 

± 

(oM 

plus 0.005) 

± (0.^% 

plus 0,005) 

Baso drag 

± 

[0.8?:' 

plus 0.005 (Ab/a)] 

± [0.5^ 

plvis 0.0C5 (Ab/A) 


Effects of Support Intorferonco 

Previous to the present investigation an extensive series of 
tests was conducted to dotormine tlie body shape and support combina- 
tions necessary to elimina.te or eveluato the support interfcronco . 
Based upon tho results obtained, a summary of which appears in 
appendix C, it is believed that all the drag data, presented herein 
for the models tested in the smooth condition is free from support 
interference effects with the exception of the data shovm in fig^ire 
30. For the models tested with rougimess, the fore drag data are 
free from interference effects, but an uncertainty in the base 
pressure coefficient exists which may vary from a minimxun of *0.005 
to a maximum of ±0.015 for the different bodies. As a. result, the 
base drag coefficients and total drag coefficients for the same 
test conditions are subject to a corresponding small uncertainty. 


Schlieren Photographs 

Since much of the basic infoimation contained in this report 
is obtained from schlieren photographs, a somewhat detailed explana- 
tion of their interpretation is in order. A tj'picai schlieren 
photograph talcen with the knife edge vertical is shex-m in figure 10. 
The various features of the flow are designated in this photograph 
which shows the entire field of view of the schlieren apparatus. 
Other items, such as the natural gradients inherent in the glass 
and the horizontal and vertical reference wires mounted outside of 
the tunnel are also apparent in this and other photographs presented 
in the report. The horizontal streaks that appear on some of the 
schlieren photographs are a. result of oil in the tunnel circuit 
due to temporarily faulty gasketing in one of the main drive 
compressors. The mottled appearance of the background is believed 
to result from the varying density gradients in the boundary layer 
flow on the glass windows . 

The schlieren photographs were taken with tho knife edge both 
horizontal and vertical. Density gradients normal to tho stream 
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direction are detected with the knife edge horisontslj whereas those 
parallel to the stream direction are detected with the knife edge 
vertical. For the horizontal orientation the Imife edge was placed 
so that increasing density gi’edlents in a downward direction appear 
as white areas on the photographs. For the verticcal orientation 
the knife edge was placed (except for the photograph in fig. 10 and 
the sphere photographs in fig. 20) so that increasing density- 
gradients in the downstream direction appear as white areas. 


Theoretical Calculations 

Although at present no theoretical method is available for 
calculating the ba.so pressure and hence the total drag of a body, 
several methods are available which provide an excellent theoretical 
standard to which the experimental measurements of foro drag can be 
compared. In this report the thoorotical foro drag is considered 
to be the sum of the theoretical wave drag for an invlscid flow and 
the skin-friction drag corresponding to the type of boundary la;/or 
that exists on the body. 

A. t 3 'pical Mach net and the corresponding prcssviro distribution 
for the theoretical inviscid flow over one of the boa-t-tailed bodies 
tested in this investigation is shown in figure 11. For purposes of 
comparison the ;gressurG distribution as calculated by the linear 
theory of von Karman and Mooro is included as is the ^press\ire 
coefficient at the nose of a cono, tho included angle of which is 
equal to tho anglo between tho s\.xrfaco tangents at tho nose of ttio 
ogive. Tijis latter is obtained by the method of references 10 and 11. 

The wave drag for many of tho bodies tested was calculated by 
tho method of characteristics for rotationclly symmetric supersonic 
flow as givon in roforoncos 12 and 13 . In accordance with tnc 
theoretical results of reforonce l4, tho fluid rotation produced by 
the vory small curvature of tho head shock wave was noglcctcd. Ttiis 
procedure is justified expcrimcntrlly in reference 8, whore tho 
theoretical calculation using tho method of charactoristics as 
presented in reference 12 are shown to bo in oxcollcnt agroomont 
with tho measured pressure distributions for ogives with cy-lindr iccl 
afterbodies . 

The calculation of the skin-friction drag in any givon case 
requires a knowlodgo of tho condition of tho boundary laj^-or. In tno 
casos for which tho schlicron photographs and tho force tests ^indi 
Gated that the entire boundary layer was laminar, the curvo of 
thoorotical fore drag used for comparison with tho experimental 
results was obtained by adding to tho we.vo drag a theoretical 
skin-friction drag calculated by using tho low- speed skin-friction 
coefficients for laminar boundary layor flow at tho Hci'nolds number 
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"based on the full length of the model. This procedm’e, vhich is in 
accordance with reference 3^ gives the equation 


CDf = Cfiaj,j(AF/A) 


(^) 


where 

skin— friction drag coefficient for the model at the 
He;^/nolds number^ Ee^, based on the full length of 
the model 

^^lam low-speed skin— friction coefficient for laminar boundary— 
la.yer flow at Be 

Ay wetted area of the model forward of the base 

A frontal area of the model 

For the models with rougliness added it was assumed that the 
disturbance of the boundary layer resulting from the salt band was 
sufficient to cause transition to a. tui'bulont boundary layer to 
occur at the band. Tlie theoretical skin-friction drag was then 
obtained by me<ans of the equation 


CDf = 


im 


; A ■; 


Cf 


tur"b 


Aj- 

T' 


(v', , i' ■^‘lam 

-- ^^turh \~^~J 


( 5 ) 


where 




low— speed skin— friction coefficient for laminar houndciry- 
layer flow a,t the effective Bejaiolds manber. He', based 
on the length of the model from the nose to the point 
where the salt hand was added 


Alam wetted area of that portion of the model fOCTmrd of the 
sa.lt band 

Cfturb low— speed skin-friction coefficient for turbulent boundary- 
layer flow at the He^nioids number Be, based on the full 
length of the model 

Cf^turb low-speed skin— friction coefficient for turbulent bcundai’y- 
layer flow at the effective Reynolds number Be' 
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This method of calculation presumes that the fixed roughness was 
of such a nati-ire a.s to cause the turhuTent hcundary- -layer flow 
downstream of *tlae point where the roughness was added to be the 
seme as would have existed had the boundary— layer flow been 
turbulent all the way from the nose of the body. 


Before analyzing the effects of viscosity on the drag of the 
bodies of revolution, it is convenient to consider qualitatively 
the effects on the general characteristics of the observed flow. 
In so doing it is adva.ntageous to consider first the condition of 


bulent and then the effect of var'iation in Reynolds number on flow 
separation for each typo of c.. boundary loyer. Once the effects, on 
flow separation, of the Reynolds nujnber and the condition of the 
boundary layer are kno\m, the observed effects on the shoch— wave 
configuration at the base of the model are easily explained. 
Likewise, once the effects on flew separation and shock— wave 
configuration are known, the resulting effects of viscosity on 
the fore drag, base drag, and total drag are easily understood, 

the b oundary l ayer.— Since results observed at 
transonic speeds X^eferences 1 arid 2) have shown that the general 
flow pattern about a body depends to a marked degx'oe on the t^pe 
of boundary layer present, it is possible that the boundary-layer 
flow at supersonic speeds also laay be of primary 3 .mportance in 
determining the over— all aerodynamic characteristics of a body. 
Consequently, the determination of the extent of the laminar 
boundary layer under normal test conditions is of fundamental 
importance , 

In an attempt to dotormino the highest Reynolds niunber at which 
laminar flow exists on models tested in this investigation, a 
relatively long polished body (model 7) was tested from a low 
pressure up to the highest tunnel pressure obtainable. In this 
case, the diameter of the shroud which encloses the roar support 
sting was made the same as the diameter of the body. The fore 
drag raoasuromonts on this model are shown in figure 12(a) . Since 
the skin friction is a relatively large portion of the measured 
fore drag, the condition of the boundary layer can be deduced from 


DISCUSSION 


Flow Characteristics 




coG.^ficient based on low— speed characteristics to tho 
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experimental wave drag of the cgival nose . This latter is doteminod 
by subtracting from the fore drag data of figiu-o l6 tho low-spcod 
laminar skin— friction coefficients for tho smooth ogive at tho 
higher Reynolds numbers whore tho error, rosttlting from the assump- 
tion of the low— speed coefficients, is a small percent of the 
deduced wave drag. Schlioren photographs from which the condition 
of tho boimdai’y layer may bo observed are sho>/n in figure 13 • Tiioy 
confirm tho previous finding by showing that transition docs not 
occur on tho body, but begins a short distancj dovnstritm from 
tho base of tho model, as indicated by arrow 1 in the photograph. 

A close examination of tho photographs in figure 13 reveals 
that the beginning of transition (arrow 1) is located at the same- 
point on tho support shroud a.s tho waves (arrows 2 and 3) wi^ich 
originato from a distiorbanco of tho boiindary layer. It was found 
by measurements on tho schlioren photographs that tho point of 
origin of these waves on tho shroud end tho intersection with tho 
shroud of tho bow wave, which has boon reflected by the tost— section 
side walls, coincide. This suggests that transition on the shroud 
is being brougiit about prematurely by the reflected bow waves. Addi- 
tional evidence that this is not natural transition is obtained in 
noting from figure 13 that tho point whoro transition begins docs 
not move with a chango in Eojnolds number. If tho model wore longer 
than a. critical length, which is about 11 inches for tho conditions 
of tho pi’GSont tests, those rofloctod waves would strike tho model 
somewhere on tho afterbody and premature transition would bo expected 
to affect tho results. Figaro 12(b) shows tho results of tho 
measurements of fore drag on a l6.7— inch body (model 8), which is 
considerably longer than tho critical length. Those force data 
confirm the above conjecture by clearly Indicating a partialli'’ 
turbulent boundary layer cn tho body oven a,t Hojoiolds numbers as 
low as 2 millions. The schlioren photographs of tho flow over this 
body arc presented in figure l4. It is soon that, in this case also, 
tho transition to turbulent flow (arrow l) is located at tho same 
point as tho waves (arrows 2 and 3) originating from tho diat'orbanco 
of the boundar3/’ layer by tho reflected bow wave . Simil.arly, an 
additional sma.ll wave (arrow 4) can bo traced back to a disturbance 
of tho bounder;/ layer caused by a. shock wa,vo crigina,ting from a. 
very slightly imperfect fit of the glass windows in tho side walls. 

Although tho maximum possible extent of laminar flow tlia.t ma;/ 
bo expected on bodies of revolution cannot bo determined on tho 
basis of the present tests beca.usc of this intorforcncc from the 
reflected shock waves, the foregoing results show that, under tho 
conditions of those tests, a laminar boundary layer exists over too 
entire surfa,cc of a. smooth model a.bout 11 inches long up to at least 
6.5 millions Reynolds number. 

In comparison to the values nomall:/ encountered at subsonic 
speeds, a. Rcjaiolds number of 6.5 millions at first a.ppoars to be 
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somewhat high for maintonanco of laminar flow evor a hodyj, unloss 
favorahlo pressure gradients exist over the entire length of that 
body. The prosaxiro distribu.tion over model 7 , shoi-m in figure Ifj, 
has boon determined by superimposing tlio pressure distribution which 
exists along the cjcis of the nozslo with no model pz^csont upon the 
theoretical pressure distribution calculated for model 7 by the 
method of characteristics. The resulting pressure distribution shows 
that the pressure gradient is favorable over the ogivo, but is 
actually adverse over the cylindrical afterbody. Ti'is suggests 
that the stability of tbo laminar boundary layoz’ at a llach nuoabci- of 
1.5 ™uy bo considerably greater than a.t low I-Iacb numbers. 

An increase in the stability of the laminar boundary layer with 
an increase in Mach number has been indicated previously by the 
theoretical work of references I5 and I6, and is confirmed experi- 
mentally for subsonic flows by the results of references 6 and 17 
as well as by the exper:'mental data given foz- airfoils in reference 
15. Some of the experimental research carried out in Germany are 
in disagreement with these results . In fact, pai-t IV of reference 
18 reports that the schlieren observations made in the supersonic 
wind tunnels at Kochel indicated tha.t the Reynolds number of transi- 
tion to turbulent flow on cones was even less than the value for 
an incompi’essible flow with no pressure gradient. On the basis of 
the description of the Kochel wind tunnels given in part I of 
reference I8, it appears that because of several factors the condi- 
tions of flow therein are somewhat adverse to the formation of 
laminar boundary layers as extensive as those that would exist in 
free flight. One of the more imporotant of these factors is 
believed to be the large number of shock waves which originabe 
from imperfections in the nozzle walls and disturb the boundary 
layer over the body. These shock waves ordinarily number about Ip 
and are readily visible in various schlieren photographs. (See 
reference 21 , for example.) 


In order to cause the laminar boundary layer to become tur- 
bulent in this investigation, an artifice such as adding roughness 
was necessary. In a supersonic stream, however, the addition of 
roughness to a. body also will increase the wave drag of that body. 

The magnitude of the wave drag due to roughness was determined by 
testing with full diameter shrouding and no afterbody attached, 
first the smooth ogive, and then the ogives with various amounts 
and kinds of roughness added (fig, 2 (a)). 

The corresponding fore drag measurements are shown in figure I6. 
These data illustrate that little additional drag is attributable to 
rou^ness at the low Reynolds numbers where the boundary layer is 
relatively thick, but that an appreciable amount of vrave drag is 
attributable to it at the higher Reynolds nimibers , For all subsequent 
results presented, the amovint of drag caused bjr the artifical 
roughness is subtracted from the measured data taken for the bodies 
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tested with transition fixed. In order to calctilate the amount of 
dra.g caused hj'- the roi-ghness for models of diameters different from 
the ogives tested, it was assumed that for any model the increment 
in dra.g coefficient attrihutahle to the dra-g of the artificial 
roughness was inversely proportional to the diametei’ of the model, 
at tho station at which tlie rou^ness was applied. 

The fore drag measiarements of model 8, which consists of a. 
cylindrical afterbody with any one of the interchangeable ogives 
directly attached, are px’esented in figui’e IT. These data, from 
which the drag inoreraent due to the added roughness ha,s been sub- 
tracted as noted previously, show that the degree of roughness 
produced by sand blasting the s’arface of the ogive is insufficient 
to cause transition at low Reynolds nmbers; whereas, the roughness 
produced by the 3/l8-inch— or the 3/'S-inch— wide salt band caused 
transition at all Reynolds numbers. 

A vivid Illustration of the tvorbudent chai-acter of the boundary 
layer on those bodies with roughness added is given by the schlieren 
photographs in figure iS. The boundary layer is best seen in the 
photograph taken with the knife edge horizontal. A comparison of 
these photographs with those of laminax* boundary layers (fig. 13^ 
fox* example) illustrates how the condition of the boundary layer is 
apparent from schlieren photographs . 

The results at transonic speeds reported in refei’ences 1 and 2 
have shcim that the same changes in pressure distribution and shock- 
wave configuration brov;ght about by transition due to inherent 
boundary-layer instability at hi^ Reynolds numbers can also be 
brou^t about at those speeds by any of several moans. The ax’tifices 
used in references 1 and 2 included fins— grain rou^iness, free— 
sti'eam turbulence, and a. single large dlstm-bance; the resulting 
aerodynamic effects were the same, provided in each case the boundary 
layer was changed from laminar to tiu-’bialent . Consequently, no 
matter what causes the boi-indary layei’ to become tiu'bx’-lent in free 
flight, it seems likely that, excluding possible s.mall differences 
in skin friction, the resulting effects on the aerodynamic character- 
istics of the body will be very nearly the same as if the boundary 
layer wore made turbulent by roughness alone, a.s is the case in the 
experiments conducted in this investigation. 

Flow Se paration.- Changes in flow separation brought about by 
changing the bexmdary— layer flow from laminar to tuihulent alter 
the effective shape of the body, the shock— wave configuration, and 
also the drag. It is therefore essential to consider the effects 
on flow separation of both the condition of tne boundary layer and 
the Royriolds number. 


The location and degree of separation of the laminar boundary 
layer for the boat-tailed bodies tested in the smooth condition 
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varied noticea.*bly with the Eo^rTiolds number of flc-w. The schlieren 
photographs of Model 6 in figure 19 are t5'plcal of this effect. 
Additional photographs^ presented in figuro 20^ illustrate the 
same phenomena in the flow over models 2^ 3j> and 1C_, each at two 
different Ee;>Ticlds nimihers . In each case^ as the Reynolds number 
of the flow is increased^ the separation decreases, the convergence 
of the wake increases, and the trailing shock wave moves forward. 

Separation of an apparently laminar boundary layer has been 
pointed out previously by Ferri in reference 19 for the two- 
dimensional supersonic flow over the surface of curved airfoils. 

The schlieren photographs therein indicate that a shock wave forms 
at the point of laminar separation. On the other hand, the schlieren 
pictures of the flow fields for the bodies of revolution tested in 
the present investigation, show no definite shock wave accompanying 
separation except for the sphere (fig. 20) in which case the shock 
wave is very weak indeed. It may be concluded, therefore, that a 
separation of the laminar boundary la^’^er is not necessarily 
a.ccompanied by a shock wave at supersonic speeds. The same con 
elusion for transonic flows has been dra,wn in reference 2 , 

It might be surmised that the trailing shock wave situated some 
distance downstream of the separation point is interacting with or, 
perhaps, even causing the flow separation virtue of pressure 
disturbances propagated upstream through the subsonic portion of 
the wake and boundary layer. Some indication that this is not the 
case is given by the schlieren photographs in figiires 19 snd 20. It 
can be seen from these photographs that the trailing shock wave 
moves upstream and the point of separation moves downstream a.s the 
Eeynolds number is increased. It would logically be expected that 
this decrease in the distance between the shock wave and the separa- 
tion point would intensify any possible interaction between these two 
elements. The photographs show, however, that the degree of separa 
ticn actually decreases a.s the trailing shock wave moves upstream. 

Tliis suggests that the trailing shock wave does not have much 
influence on the laminar separation. Additional evidence which 
corroborates this conjecture was noted in the course of the investiga- 
tion of support interference, wherein it was found that if the 
diameter of the support behind models 2 and 3 increased, the 
trailing shock wave moved forward, but the base pressure and laminar 
separation did not change. On this basis It appears likely that the 
cause of the laminar separation is not associated with a shock wave, 
but with other phenomena . 


In order to analyze more closely the details of the flow 
separation, the pressure distribution along thej streamline just 
outside of tho separated boundary layer wa.s calculated for several 
flow conditions over models 3 snd 6. The calculations wore made 
using the method of characteristics, and obtaining the contour 
of the streamline just outside the separated boundary layer from 
enlargements of the schlieren photographs. Typical results from 
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these calculations for model 3 px-esented in figure 01. It is 
seen that the pressure on the outside of tlxe houndar.y layer is 
approximately constant, downstream of the ^point of separation, as 
is characteristic along the houndary of a ''dead-water I’egi on. Tlxe 
pi’essure along the line of separa.tion can be e 3 q>ected to be approxi- 
mately equal to that in the dead water I’egion, and hence, equal to 
the base pressui-e . A comparison of the calculated values of the 
average pressure in the deea'-water region with the measux-ed valvies 
of the base pressure for several conditions of flovr over models 3 
and 6 is given in the following table: 

Cclculated Measured 


Model 

Keynolds mimlDar 

pi's s sure coeffi- 
cient of dead 
water x'ogion 

OS 30 

pressure 

coefficient 


0.6 X 10® 

-o.c6 . 

- 0.06 


2.0 X 10® 

-.11 

-.12 

6 

.6 X 10® 

-.10 

-.11 

6 

l."> X 10® 

- 13 

-.13 


The preceding results indicate that for laminar flow the base pi-essur’e, 
at least fox- boat-tailed bodies, is determined by the degree of 
separation which occxxi's forward of the base. This suggests that, 
if a means can be found to ccntrol the separation, the base px-essuro 
also can be controlled. 

The theoretical pressure distributions on models 4 and 5 are 
similar to the pressux-e distribution on model 6, which is shoxm in 
figure 22. In each case, the laminar separation obsei'-ved in the 
schlioren photographs is located at a point upstroara of which the 
pressure decreases continually along the dii’action of flow. For 
subsonic flow this condition ordinarily would be termed favox’able 
and separation would not be expected. It thus appears tiiat the 
separation phenomena observed are of a different natxiro from those 
which commonly result from a x’otardation of the fluid particles in 
the boundary layer. Further research on this subject is necessary 
in ordex’ to gain a. satisfactory xindorstanding of the observed x^osults. 

The findings of px'ovious investigations in low -speed flows 
indicate that if a boundary layer which is normally laminar over 
the aftex'body is made turbulent by oithei" natux-'al ox'’ artificial 
means, the I’esistance to separation is incroasod greatly. Tho tests 
on models 2, Zj 5^ s,nd 6 with roughness added show cloax-iy that 
this is also the case in supersonic flows Tho two ^ schlioren 
photographs presented in figure 23 wore taJeon of model 6 with and 
without rou^noss added and are typical of this effect. A. compax”'^. - 
son of tho two photogxva.phs shows that, without roughness added, 
separation occurs neai- tho point of maximum thickness, but if 
tx-ansition is fixod ahoad of this point such sepai-ation no longer 
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Shocic-wavo conf igTjration - It is to to expected that the changes 
in flow separation duo to changos in tho condition of the houndary 
layer and in tho Reynolds manoer of the flow will bring ahotit changes 
in tho shock- wave conf igiiration at tho base of a, body. Tlio schlieron 
photographs of figures 19 and 20, which show how the laminar separa- 
tion decreases and the convergence of the wako increases as the 
S.o;.Tiolds number is increased, also show that those phenomena are 
accompanied by a forward motion of the trailing shock wave. In 
general, as long as the boundary layer is laminar, tho trailing 
shock wave moves forward as tho Reynolds number increases, but no 
major change in tho shock-wave configuration takes pla.co . 

The shock— wave configuration with a tuirbulent boundary la3''or, 
however, is very much different from the configuration with a 
laminar layer, as is illustrated by tho schlioren photographs of 
model 6, shown in figure 23. Such configuration changes due to 
tho transition to turbulent boundary— layer flow correlate quite 
well with tho angle P that tho tangent to tho surface just ahead 
of the base makes with the axis of Sj-mnetry. Figure 2k shows the 
changes in shock-wave configuration for models 1 througl] 6 arranged 
in order of increasing angle p. It is seen that, on the boat- 
tailed bodies with a small angle p, the transition to a turbulent 
boundary laj’^er is accompanied by the appearance of a weak shock 
wave originating at the base of the body (models 4 and 2) . For 
bodies with larger boat tail angles (model 5) "the strength of this 
wave, hereafter termed the "base shock wave," increases until it is 
approximately as strong as the original trailing shock wave . For 
even la^rger boat— tadl angles, the base shock wave becomes more 
distinct, and eventually is the only appreciable shock wave exist- 
ing near the base of the body (models 3 s-nd 6) . In such a case, 
the compression through the base shock wave ocevrs forward of the 
base. Tliis, as will be shown la.ter, greatly inci-’eases the base 
pressure and decreases the base drag. Since the change in shock- 
wave configuration caused by the addition of roughness is due to 
the greater resistance to flow separation of the turbulent boundary 
layer, it may be expected that the above shock— wave configurations 
for the turbulent boundary laj'-er will be obtained regardless of the 
cause of transition. 

Compared to the phenomena observed with a laminar boundary layer 
(fig. 19), changes in the Reynolds number for a body with a turbulent 
boundary layer do not alter the shock wave configuration to any 
significant extent, because the tvirbulent layer, even at low 
Reynolds numbers, ordinarily does not separate. This fact is evident 
in figure 25, which shows the schlieren photographs of model 3 a-t 
different Reynolds numbers v^’ith roughness added. No apparent change 
in the flow charactoristics takes place as the Reynolds number is 
increased. With a turbulent boundary layer, therefore, the effect 
on base drag of varying the Reynolds number may be expected to be 
much less than with a laminar layer. 
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Analysis of the Drag Bata 

The qualitative effects of viscosity cn flow separation and on 
shock- -wave conf igurationj which have been discussed in the preceding 
sectionsj provide the physical basis for understanding the effects 
of varying the Re^molds nu’aber and changing the condition of the 
boundary layer on the drag coefficients of the various bodies tested. 

Fo z'e drag .— The fore drag coefficients of models 1 througli 6 
with laminar flow in the boundary layer are shovm in figure 26(a) 
a.s a function of the Reynolds number. These data show that, over 
the Reynolds noimber range covered in tlie tests, the fere drag of 
model 1 decreases about 20 percent, while that of model 6 increases 
about 15 percent. Tlie fore dreg of the other bodies does not change 
appreciably. 

The reason the effects of Rej’noj.ds number vary considerably 
with different body shapes is clearly illustrated by a comparison 
of the measured fore drags with the theoretical fore drags. In 
figure 27(a) the theoretical and measured values of fore drag are 
compared for modol 1, which ha.s no boat tailing, and for model 3 ) 
which is tj'pical -of the boat-tailed models. From this comparison, 
it is seen that, as previously noted for other models without boat 
tailing, the theoretical and experimental fore drags for model 1 are 
in good agreement. Tiio decrease in fore di-ag with increasing RejToolds 
number for the bodies without boa.t tailing is duo entirely to the 
decrease in skin— friction coefficient. For modol 3, which has 
considerable boat tailing, the curves of figui’e 27(a) show tha.t the 
thooretical and eaperlmental fore drags agree only at high Reynolds 
numbers. At the low Rejoaolds numbors the m-eaevired fore drags are 
lower than the theoretical values because of the separation of the 
laminar boundai-y layer a.s previousl;^ illustratod by the scblioren 
photographs in figures 19 and 20. V/'ith separation, the flow over the 
boat tail does not follow the contour of the body, and the pressure 
in the accompanying doa.d-wa.tor region is hijd^or than it would be if 
the separation did not occur (fig. 21) . This makes the actual 
fore drag lower than the theoretical value for a. flew without separa- 
tion. At the higher RojTiolds nimibors, the s-eparation is negligible 
and the flow closely follows the contour of the body; hen-co, the 
theoretical and experimental fore drags agree. The rea.son for the 
approximately constant fore drag of models 2, 3 } tlioreforo, 

iVthat the changes due to skin friction and flow separation arc- 
compensating. For model 6 with a smooth surface, the fore drag 
shown in figure 26(a) rises rather rapidly at low, Reynolds numbors 
beca.uso the soparotlcn effects for this rolativoly thick body 
(fi.g. 19) more than compensate for the changes in skin friction due 
to the variation of the Rojaiolds number. 

Figure 26(b), which shows the fore drag coefficients of models 1 
througli 6 with roughness added, indicates that the fore drag for all 
the bodies docroasc-s as the Reynolds number increases above a 
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P.eynoldG number of I.75 millions. This is to bo o:q)octod^ since \rith 
tho change to turbulent boundary layer and consequent elimination of 
separation^ tho only factor remaining to influence the fore drag 
coefficients is tho decrease of skin-friction coefficients with 
increase in Pe;^T‘olds number. Below a Reynolds nmaber of I.75 millions, 
however, the fore drag of all tho models except model 1 increa,ses 
with increasing Ro^niolds number. Tho cause of this somewhat puzzling 
boliavior is apparent upon closer examination of the data. 

Figure 27(b) shows a comparison of the theoretical fore drags 
with the experiraental values for models 1 and 3 with roughness 
added. The theoretical value for skin—friction drag was calculated 
assuming laminar flow up to the location of the roughness, and 
turbulent flow behind it. This value of drag was added to tiie 
theoretical wave drag to obtain the theoretical fore drag. It is 
seen from figure 27(b) that for model 1 the curves of theoretical 
and experimental fore drag have the previously indicated trend of 
decreasing drag with increasing Reynolds number over the entire range. 
However, for model 3 ^ which is typical of the boat**tailed bodies, 
the measured fore drag at low Reynolds numbers falls considerably 
below the theoretical value in the manner previously noted. The 
reason for this is evident from an examination of the schlieren 
photographs shora in figure 28, which were taken of the flow over 
models 3 s-nd 6 with roughness added. Tliey show that at the low 
Reynolds numbers a flow separation similar to that observed for an 
undisturbed laminar* boundary layer (fig. I9) is evident, and the 
resulting shock—wave configuration is characteristic of the config— 
ura.tion for a laminar boimdary layer rather than that for a turbu- 
lent boundary layer. It appears that, at the low Reynolds numbers, 
the amount of roughness added does not cause transition far enough 
upstream of the point for laminar separation so that the free 
stream can provide the bcundar^^ layer with the necessary additional 
momentum to prevent separa.tion. The portions of the drag curves 
in which the desired transition was not realized are shown dotted 
over the region in which separation was apparent from the schlieren 
pict^ores. For model 1 , the schlieren photographs showed that at 
the low Reynolds numbei's the amount of roughness added was suffi- 
cient to effect transition some distance ahead of the base, although 
not iimnediately aft of the roughness. 

Tile agreement between the experimental and the thoorotical 
results obtained by the use of equations ( 4 ) and (5) indicates that_, 

at a Mach number of I.5 and in the range of Reynolds numbers 

covered by this investigation, the familiar low— speed skin-friction 
coefficients can be used to estimate drag due to skin friction at 

supersonic speeds. This confirms the results of references 3 ^ 4 , 

and 5 and extends their application to the evaluation of skin— friction 
drag for supersonic flow on bodies of revolution. 
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A comparison of the cnrves of fl/pares 26(a.) and 26(h) shows 
that for a given body at a. given value of the Hejoiolds number the 
fore drag with I’oughneos added is consistently higher than the 
corresponding fore drag of the smooth-surfaced body. In the 
general case, this over— all increase in fere drag is attributable 
both to the increase in the skin-friction drag of the body and to 
the elimination of separation with consequent increase in the 
pressure drag of the boat tail. For model 1, which has no boat 
tailing, the increase in skin friction is the sole factor contribut- 
ing to the increa.se in fore drag. 


Base pressure and ba so drag .-- Figure 29(a) shows the base 
pressure coefficients plotted as a function of the P.eynolds number 
for models 1 througli 6, each with a. smooth surface. It is evident 
from the data in this figure that the effects of Reimclde number on 
base pressure for a body with a laminar bcund.ary layer are quite large . 
In the range of Reynolds numbers covei-ed, the base prossui-e coeffi- 
cient of model 1 increases about 60 percent, and the coefficients of 
models 2, 3, and 4 more than double. The thicker bodies, moa.els 5 
and 6, do not exhibit such large changes in base pressure coefficient, 
for 'the coefficients apparently reach a ma.ximum at a relatively low 
EejTiolds number, and then decrea.se witli further inci’ea.se in the 
Reynolds number. 


Tho base pi-ossure coefficients for models 1 through 6 with 
roughness added are shown in figure 29 (b) . Here again, tho portions 
of the curves which correspond to the low Reynolds number region 
wherein transition did not occur far enough upstream to prevent 
separation are shown as dotted lines. Model 1 exhibits the lowest 
base pressure and model 6 the highest^ in this latter case the base 
pressuire is even highei' than the free— sti’eam static pressure. Tl:e 
physical reason for'^this is evident from the schlieren photogra.ph 
at the bottom of figiire 23, which shows that a compression throui^. 
the shock wave occurs Just ahead of the base of model 6 . Except 
for the large changes in pressure coefficient at low isejmolds 
numbers where the desired transition v/aa not effected, the variation 
of base pressva-e coefficient with Re:^olds number is relatively 
small foi- the bodies with roughness added. 

From a comparison of the curves for the bodies with roughness 
added to the corresponding curves for the mooth-surfaced bodies, 
it is evident that a large change in the base pressure coefficient 
is attributable to the change in the condition of the boundary 
layer. In general, the base pressures for bodies with roughness 
a.d'ded are considerably higher than the corresponding base pressures 
for the smooth-surfaced bodies. In tlie case of the boat-tailed 
bodies the physical reason for this increase .in the^base pressure 
is the appearance of the base shock wa.ve, as shown in figure 24. 

For model 1, vdiich has no boa.t tailing, the mixing action and 
greater thickness of the turbulent boundary la.yer are probably 
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re.sponsi'ble for the obaei'ved increase . 

The foregoing data, show that the effects of Reynolds m'cmher and 
condition of the boundary layer on the base pressvire of a body moving 
at supersonic speeds depend considerably upon the shape of tlie after- 
body. In order to ascertain vdiether the effects of visccsitj'' also 
depend upon the length-diameter ratio for a fixed shape of afterbody, 
some models of different length diameter ratios were tested and the 
data, presented in figures 30(a) and 30(h) which show the variation 
of base pressure coefficient with Ee.>Tiolds number. The data presented 
in this figure are not free of support interference. From these 
data it is apparent that the effects of viscosity on the base prosoure 
increase with the length-diameter ratio of the body. It is to be noted 
that the base pressure increases as the length diameter ratio 
increases. This is somewhat at variance with the results of 
reference 20 (also reported in reference l8), which showed an effect, 
but not a. systematic one, of length-diameter ratio on the base 
pressure of bodies without boat tailing. 

The ba.3o drag coefficient can be obtained from the base pressure 
coefficient of the models by using equation (2) . The base drag 
coefficients for the smooth -surfaced bodies are presented in figure 
31(a) and for the bodies with roughness added in figure 31(b). These 
cui-ves are, of course, similar to the corresponding curves of base 
pressure coefficient given in figures 29(a) and 29(b) . In this 
form the ordinates can be added directly to the fore drag coeffi- 
cients of figure 26 to obtain the total drag coefficient of a given 
body. It is seen that the contribution of the base pressure to the 
total drag is yevj small for models with large amounts of boat 
tailing, such as models 3^ 5> and 6. 

Total drag.- The total drag coefficients for models 1 through 6 
with smooth siurfaces are shown in figure 32(a) as a function of 
Reynolds number. These data show that the drag coefficients of 
both models 1 and 2 with a laminar boundary layer increase a little 
over 20 percent from the lowest to the hi^iest value of Reynolds 
number obtained in the tests . The other models exhibit somewhat 
smaller changes. Tl^e data presented in figures 26 and 31 indicate 
that the principal effect controlling the variation of total drag 
with Reynolds number for laminar flow in the boundary layer is the 
effect of Reynolds number on the base drag of the bodies. For the 
special case of highly boat-tailed bodies, however, this effect is 
of little relative importance boca.use the base drag is a small part 
of the total drag. In such casos, the over a.11 variation of drag 
coefficient is due almost entirely to the variation of fore drag 
with Reynolds number. 

Figure 32(b) shows the total drag coefficients plotted as a 
function of the Reynolds number for models 1 through 6 with rou^— 
ness a.ddod. Again, the portions of tho curves that are shown dotted 
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represent the Rejnclds maiher region in which the amount of roughness 
added is insufficient to cause transition far enough upstream so that 
separation is prevented. All the curves have approxinately tbs sane 
trend, the over— all effect on the drag coeff iciaatsheing about I 5 
percent or less for the various bodies. 

A comparison of the curves of total drag for bodies with rough- 
ness added to the corresponding curves for bodies with smooth surfaces 
shows an interesting phenomenon. At the higher Ee^niolds numbers the 
drag of models 1 and 6 is actually decreased slightly by the addition 
of rou^-ness, in spite of the corresponding increase in skin— friction 
drag. The reason is, of course, that the base drags are very much 
lower for the turbulent boundary layer than for the laminar. Tlie 
drag coefficients of the other bodies (models 2, end 5 ) ere 

somewhat higlier with roughness added, because the increa.se in friction 
drag of the tiucbulent boundary layer is gi'eater than the decrease in 
base drag. 

The importance of always considering both the Eojaiolds number of 
the flow and condition of the boundary layer is illustrated by the 
total drag characteristics of model 2. For example, if modol 2 were 
tested with a turbulent boundary layer at a Sejuiolds number of 2 
millions, the drag would be about 35 percent higher than if tested 
with a laminar boundary la.yer at a Reynolds numbei"' of one-half 
million. Although discrepancies as largo as these have not been 
reported as yet in the drag data from different supersonic wind 
tunnels, certain consistent differences, varying from a.>out 5 to 25 
percent, have been reported (reference 21) in the drag data of 
similar projectiles tested in the Gottingen and the Kochol tunnels. 
Althouf^ in reference 21 tlie di3crepa.ncies between the two tunnels 
were attributed only to the variation in skin friction with Reynolds 
mimbor, it a.ppoars from the results of the present investigation 
that such discropancies arc a.ttributa.blo primarily to differences 
in flow separation and base pressure . 

A comparison of the effects of viscosity for pointed bodies 
with the effects for a blunt bodj’- shows clearly that body shapo 
must bo considered, and that conclusions about viscosity effects 
based upon tests of blunt bodies may be completely inapplicable 
to the aerodynamic sha,pos which are suitable for supersonic flight. 
For oxamplo, in tho caso of a sphoro a.t I .5 Mach number with an over- 
all Reynolds number vai’iation of from 7.5 x to 9-0 x 10^, the 
agroomont between tho drag data from Gottingen (roferenco 7)^ 
Pocnom'Jindo (roforcnco 21), and tho present wind tunnel is within 1 
percent of tho values moasurod for froo— flight (roforoncos 7 and 22) . 
It is ovldont that tho offsets of viscosity on tho drag of a sphere 
aro quito different from the effects on tho point-jd bodies tested 
in this invostigation. 
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CONCLUSIONS 

The conclusions which follow apply for a Mach number of 1.5 and. 
at EejTiolds numbers based unon model length up to about 5 millions 
for bodies of revolution similar to the ones tested. 

1. The effects of viscosity differ greatly for laminar and 
turbulent flow in the boundary layer^ and within each regime depend 
upon the Ee^molds number of the flow and the shape of the body. 

2. Laminar flow was found on the smooth bodies up to a Ee;^naolds 
number of 6.5 millions and may possibly exist to considerably higher 
values . 

3. A comparison between the test results for laminar and for 
turbulent flow in the boundary layer at a fixed value of the Ee;>Tiolds 
number shows that : 

(a) The resistance to seioaracion with turbulent flow in the 
boundary*" layer is much greater. 

(b) The shock— wave configuration near the base depends upon 
the type of the boundary— layer flow and the relative 
degree of boat tailing. 

(c) The fore drag coefficients with turbulent boundary 
layer ordinarily are higher. 

(d) The base pressure is much higher with the tijirbulent 
boundary layer. 

(e) The total drag is usually higher with the turbulent 
boundary layer. 

Jv. For laminar flow in the boundary layer the following 
effects were found: 

(a) The laminar boundary layer separates forvmrd of the 
base on all boat-tailed bodies tes ced^ and the 
position of separation varies noticeably wich Eeynolds 
number. Laminar senaration is not necessarily 
accompanied by a shock wave originating frojii Che 
point of separation. On many of the models the 
separation is located in a region upstream of which 
the pressure continually decreases jn the direction 

of the flow. 

(b) The trailing shock wave moves forward slightly as the 
Ee2mold3 number is increased^ but no significant change 
takes place in the shock— wave configuration near the 
base. 
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(c) With incro8.sing Eoynolda nv^ntors, tlxo fcro drag cooffi- 
cionts incroaso for 'uigiilj Dcat— tailed bodies and 
docroaso fer bodies witliout boat tailing. For modor- 
a.tolj boat-tailed bodies tlio variation of tho fore 
drag coofficiont ■with So^nolds nuribor is rolativoly 
small . 

(d) Tho base prossm-’o of tho boat-tailed bodies is 
controlled by the laminar separation and changes 
markedly with Rojaiolds mimbor. For bodies with 
tho same aftci-body shapo, the base pressuro also 
depends upon tho length -diamotor ratio of tho body. 

(o) Total drag varios considerably xcith Bcynolds n'umbcr, 
changing more than 20 percent for sovcral of the 
models . 

5 . For turbixlont f].ow in tho bo'undory layer the following effects 
were found: 

(a) Sopai’ation dees not ordinarily occur. 

(b) Tho shock— wave configuration near tho base does not 
change noticeably as tho Reynolds number changes. 

(c) Tho fore drag coefficients decrease sll^tly as the 
Eoinolds number is increased. 

(d) Tho ba.se pressure changes very little vrith changing 
Eejnelds mmibor. 

(o) The total drag decreases as the Sejnelds mrnbor is 
incroa.sod . 


Amos Aorona.utical Laboratory, 

national Advisory Comnittco for Aeronautics, 
Moffott Field, C.-lif . 
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APPENDIX A 

VABIATICN OF TEST-SECTION STATIC PPESSTJEE 

Since the static pressure with no model present varied along the 
axis of the test section as shovn in figure 7^ it vas necessary to 
apply a correction to the measured coefficients to account for the 
increment in drag or pressure resulting from this axial px^essure 
gradient. Although the axial variation of test -section static 
pressure is not monotonic ^ the pressures at the downstream end of 
the test section are unifojrmly lower than the pressures of the up- 
stream end where the nose of the models are ordinarily placed. This 
means that the artual pressure exerted at a given point on a "body 
is lower than it would he if the ambient pressure gi^a.dient were zero 
as it is in free flight. The gradient corrections are calculated on 
the assumption that the magnitude of the pressure exerted at an 
arbitrary point on the body in the tunnel is lower than it would 
be if no gradient were present by an increment equal to the amount 
which the static pressure decreases (with no model present) from 
the position of the model nose to the position of the arbitrary 
point. It is not necessary to include the corresponding axial 
variation of dynamic pressure in the corrections since it varies 
only to, 2 percent from the mean test-section value used in all 
calculations. The corrections to the measured coefficients of model 
1 located 2.5 inches downstream from the reference pressure orifice^ 
for example^ amount to +0.012 in fore drag coefficient and -0.026 
in base drag coeff icient ; the corresponding pei^centages of the 
imcori'-ected coefficients of fore drag and base pressure are 12 and 
15^ respectively . 

Because the gradient correction is relatively large in the 
present tests and apparently has not been applied in the past to 
supersonic wind-tunnel data, an experimental justification of such 
theoretical corrections is in ox^der. The validity of the corrections 
as applied to fore di’agis confirmed by tests on model which 
consists of a conical nose with a 20^ included angle and a short 
cylindrical afterbody. The theoretical fore drag of this body, which 
is equal to the sum of the wave and friction drags, can be easily 
calculated as a function of Eeynolds nximber. The wave drag of the 
conical nose is given accurately by the experimentally confirmed 
calculations of Taylor and Maccoll (references 10 and 11) . Tno 
frictional drag can be calculated using the low— speed laminar skin- 
friction coefficients in accordance with refei'ences 3 snd 11, since 
the boundary layer was completely laminar over this model. A com- 
parison of the corrected and uncorrected fore drags with the theo- 
retical fore drag is shown in figxu'e 8. The corrected fore drag 
coefficients are seen to bo in good agreement with tho theoretical 
values; whereas the uncorrected data fall below the wave drag at 
high tunnel pressures. This latter condition, of course, represents 
an impossible situation for a body without boat tailing. 
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In order to check experinentnlly the validity of the corrections 
as applied to the measured case pressure, model 1 was tested on tna 
side support at five different positions along tlie axis of the test 
section. Because the support system remained fixed relative to the 
"body, the interference of the support is the same in each case, nence, 
any discrepancies in the measured "base pressures at the various 
positions are attihutahle only to the pressure gradient along the 
Vcnnel axis. Biginre 9 sliovs that the uncorrected base pressure data 
taken at the five different positions differ by about 25 percent, but 
the corresponding five sots of corrected data, fall within about -1-5 
percent of their mean, thus confirming the validity of the correction. 
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APPEI'IDIX B 
PRECISIOK OF DATA 

The a.ccuracy of the results presented can be estimated by 
considering the possible errors that are known to be involved in 
the measurement of the forces and pressviree, and in the determina- 
tion of the free-stream Mach number and gradient corrections. 

The force measurements are subject to errors from shifts in 
tho balance zero due to temperatiu-e effects, and also from a shift 
in tho calibration constant. The zero shift, which is less than -1 
percent of the force data, at low pressures and less than ±0.2 
percent at high pressures, was chocked periodically by running the 
tunnel through the complete tomporatvire range with no force applied 
to the balance. In the majority of cases the variation of the 
balance calibration constant, which was checked before and after 
each series of tests, permitted a possible deviation of ± 0.3 percent 
in the force data. All data, presented in figures 12(b), I 6 , 17, and 
the data for models 4, 5^ and 6 in figures 26 (a) and 32 (a) were 
obtained during a period between two consecutive balance calibrations 
for which the constant differed by 6.4 percent. A comparison of the 
data obtained during this period with theoretical resvilts and with the 
results of subsec'aent reruns of seme of the same models indicates 
that the change in balance ca.librstion occured before the data in 
question were obta.ined. Tlie res’.:lts in the aforementioned figirres 
were therefore computed on the basis of the later calibration. It 
is estimated that the maximum error in the balance calibration 
constant for these results is at worst no greater than +O .3 to 
— 3.0 percent. 

The pressure data., including the dynamic pressure, are subject 
to small erroi's resulting from possible inexact readings of the 
mercury manometers. liie base pressiore data, are also subject to an 
additional error resulting from the small variation in the specific 
gravity of the dibutyl phthalate indicating fluid. At the most, 
these sources can cause an error in the total and fore drag coeffi- 
cients of about -O .3 percent, and in the base drag coefficient of 
about ±0.8 percent. Hie error in dynamic pressure due to the 
uncertainty in the free— stream Mach number is negligible, since the 
isentropic relation for the dynamic pressure as a function of Mach 
number is near a maximum at a Mach number of 1.5* For slender bodies 
of revolution the variation of the force coefficients with Mach 
n’jmber is quite small; hence, errors resulting from the variation of 
free-stream Mach number from 1.49 to I. 5 I ar© negligible. 

On the basis of the data, presented in figures 8 and 9j it is 
estimated that for all tunnel pressures the uncertainty in the 
gra.dient corrections to total drag, fore drag, and base pressiu'e 
coefficients can cause at the most an error in these coefficients 
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of ±0.004j ±0.004, and ±0.005, respectively. It shoi.ild "be noted 
that in the table on precision, presented in the section on results, 
this source of error, which is independent of tunnel pressuore, is 
expressed as an Increment and not as a percentage of the measm''ed 
coefficient. 

Previous investigations have shown that an uncertaintj'’ may be 
introduced in siipei’sonic wind-tunnel data if the humidity of the 
tunnel air is vei-y high. To determine the effects of this variable 
in the present investigation, the specific humidity was varied from 
the lowest values (approximately O.OOOl) to values approximately 
20 times those normally encountered in the tests. Drag ana base 
pressure measurements were tahen on a body with a conical head and also 
on a sphere. The results shewed no appreciable effect of humidity 
over a range much greater tiian that encountered in the present tests, 
provided the variation in test— section dynamic pressure with the 
change in hurnddity was taken into accouint in the red.uction of the 
data. It is believed, therefore, that the precision of the results 
presented, in this report is unaffected by humidity. 
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APPEHDIX C 

EFFECT OF SUPPORT IHTSRB'EBEHCE 

A Imowledge of the effects of support interference upon the 
data in question is essential to an understanding of its appllca.— 
hility to free flight conditions. Previous to the present investi- 
gation an extensive series of tests were conducted to dotcrsiino tho 
“body shape and support combinations necessary to evaluate tho support 
intorf oronco . 


In general, it wa.s found that for tho models tested in the smooth 
condition (laminar houndary layer) the effect of the roar supports 
used in tho present investigation ws,s negligible in all respects for 
tho boat-tailed models 2 and 3 and was appreciable only in the base 
pressure moasurements for model 1. On the basis of those results 
it is believed that tho roar supports used for the other hi^;ly boat- 
tailed bodies (models 4, Sind 6) have a negligible eifoct on the 
drag of the model. For model 1 combinations of roar support and side 
support were used to evaluate the effect of tho rear support on the 
base pressure. Tho evaluation wa.s made on tho assumption of no 
mutual interference between the rear support and side support, and 
was checked by the use of two different combinations of side support 
and rear support. Tho data, indica.to ttiat the a,ssumption is justified 
within the limits of the experimental accuracy a.nd that the cox’roctod, 
interference— free base pressures deduced by this method differ only 
slightly from those moasured with the side support alone. 

For tho bodies with roughness added (producing a turbulent 
boundary layer) a complete investigation of tho support interference 
was not made; consequently, a definite quantitative evaluation of 
tho interference effects for each body in this condition ca.nnot bo 
given. Fx'Om tho da.ta that wore obtained it lia.s boon found that tho 
fore drag is unaffected by the presence of the supports used in tno 
present investigation, but that a small amount of intorforonco is 
evident in tho base pressure coefficient which may vary from a 
minisium of ±0.005 to a maximum of ±0.015 for the different bodies. 
This uncertainty in tho base pressure coefficient results in a cor- 
respondingly small uncertainty in tho base di’ag ccoff-cient and in 
tho total drag coefficient. 
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Figure l. — Principal body shapes investigated. 
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Figure 2 a 



(a) Models used for boundary-layer tests and for comparison tests with other investigations, 
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Figure 2. — Special-purpose models. 
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Figure 2 b 



(b) Models used to evaluate effect of length-diameter ratio on base pressure. 


Figure 2. — Concluded. 
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Figure 3-concluded. 
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Figure 4 



Figure 4. — Schematic diagram of model installation with rear support and drag gage. 
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Figure 5 



Figure 5. — Schematic diagram of model installed with side support. 
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Figure 6 




(a) Rear support. 


(b) Side support. 

Figure 6. — Typical model installations. 
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Figure 7.- Axial variation of the static pressure in the test 
section of the k « 1.5 nozzle. 
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Figure 8.- Oomparison of fore drag coefficients 
of model 9 with and without 
corrections applied for the axial variation of 
test-section static pressure. 
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Fig. 9 
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Figure 9.- Comparison of base pressure coefficients on 
model 1 measured at various positions along 
the tunnel axis, with and without corrections applied 
for the variation of test-section static pressure. 
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Figure 10 
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Figure 10. — Typical schlieren photograph. 
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Fig. 11 



AT THE NOSE. 


MACH NET -MODEL 3 



FIGURE II. -TYPICAL MACH NET AND PRESSURE DISTRIBUTION 
FOR THE FLOW OVER A BOAT TAILED BODY. 
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Figure 12.- Variation of fore drag coefficient 
with Reynolds number for models 
with long cylindrioal afterbodies. 
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Figure 12.- Concluded. 
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Figure 13 



Re=3.7 X 10". 



Re=6.5 X 

Figure 13. — Schlieren photographs showing laminar flow over the cylindrical afterbody of model 7 at two 

values of the Reynolds number. Knife edge horizontal. 
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Figure 14 





! 


(a) Knife edge vertical. 



(b) Knife edge horizontal. 


Figure 14. — Schlieren photograph showing premature transition on the cylinder afterbody of model 8. 

Reynolds number 9.35 million. 
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Figure 15.- Theoretical preseure distribution over the 

surface of model 7 at zero angle of attack and 
1,5 Mach number. 
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Figure 16.- Variation of fore drag coefficient 
with Reynolds number of the ogives 
with varying degrees of roughness added. 
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Figure 17.- Variation of fore drag coefficient 
with Reynolds number for model 8 
with various amounts of roughness. 
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Figure 18 



(a) Knife edge vertical. 



(/)) Knife edge horizontal. 


Figure 18. — Schlieren photographs of model 8 with transition fixed. Reynolds number 7.2 million. 
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Figure 19 




Re=l.l X lO®. Re=1.4 x 10®. 


Figure 19. — Schlieren photographs showing the effect of Reynolds number on laminar separation for 

model 6. Knife edge vertical. 
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Figure 20 



Re=0.79 X lO'*. Re=3.8 x 10». 

Model 2 



Re=1.2 X 10«. 



Re=3.8 X 100. 


Model 3 



Re=0.10 X 100. Re=0.45 x lO". 


Model 10 

Figure 20. — Schlieren photographs showing the effect of Reynolds number on laminar separation for 

models 2, 3, and 10. Knife edge vertical. 
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Figure 21.- Calculated pressure distribution for model 3 
at 0,6 million Reynolds number. 
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Figure 23 



(a) Laminar boundary layer, Re=0.87 x 



(b) Turbulent boundary layer, Re=0.87 x 

Figure 23. — Schlieren photographs of model 6 illustrating the effect on flow separation of the condition 

of the boundary layer. 
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Figure 24. Schlieren photographs showing the effect of turbulent boundary layer on shock-wave con 
figuration at base of models 1, 2, 3, 4, 5, and 6. Knife edge vertical. 
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figure 27.- 
&nd 3. 


Comparlaon of theoretical and experimen- 
tal fore drag coefficiente for models 1 
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Figure 27.- Concluded. 
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Figure 28 



Model 6, Re=0.62 x 10‘». 

Figure 28. — Schlieren photographs at low Reynolds numbers of models 3 and 6 with roughness added. 

Knife edge vertical. 
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Figure 29.- Variation of base preeeure coefficient with Reynolds number for models 1, 2, 3, 
4, 5, and 6 in tbe emooth condition and with roughneee added. 



Reynolds number. Re, millions Reynolds number, fie, millions 


figure 30.— Variation of base preesure coefficient with Reynolds number for bodies without 
boat-tailing but with different length-diameter ratios. 
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Figure 32.- Variation of total-drag coefficient with Reynolde number for models I. 2. 3. 4 6 

and 6 in the emooth condition and with roughness added* * 
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